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Abstract The distributions of 230Th and 231Pa in the Arctic Ocean are not well understood. In order to
examine the Arctic 231Pa/230Th system and therefore to shed light on the future use of Arctic sedimentary
231Pa/230Th, we developed a 2-D scavenging model modiﬁed from an Atlantic model. Tuned with reasonable
parameters that are consistent with Eurasian Basin geographic settings, the model can reproduce most of the
features of the 230Th and 231Pa water column proﬁles as well as the sedimentary 231Pa/230Th distribution
patterns and suggests that the sedimentary 231Pa/230Th in the Eurasian Basin is mainly controlled by the deep
water circulation. In our attempt to reproduce the sedimentary 231Pa/230Th patterns during the last glacial,
we found that circulation strength in the Eurasian Basin at shallower depths may have been stronger
than today.
1. Introduction
In the Atlantic Ocean, sedimentary 231Pa/230Th (Pa/Th hereafter) ratios have been increasingly applied as a
proxy for reconstructing past overturning circulation to study the glacial-interglacial variations of the Atlantic
Meridional Overturning Circulation (AMOC) [Böhm et al., 2015; Bradtmiller et al., 2014; Gherardi et al., 2009;
Lippold et al., 2012b; McManus et al., 2004; Yu et al., 1996]. This application is based on the shorter residence
time of 230Th (20–40 years) in sea water than 231Pa (100–120 years) caused by the difference in their particle
reactivity. Advection can thus redistribute 231Pa more easily while 230Th is mostly scavenged by settling
particles to the local sediments. Therefore, smaller sedimentary Pa/Th ratios found in the Atlantic are
interpreted as the result of high overturning rates. Vigorous lateral advection effectively removes 231Pa from
the deep Atlantic to the Southern Ocean, while low overturning rates result in higher sediment Pa/Th ratios
when more 231Pa is scavenged to the local Atlantic sediment [Marchal et al., 2000].
A further observation supporting the use of sedimentary Pa/Th as indicator for circulation strength is the
decrease of sedimentary Pa/Th with increasing water depth in the Atlantic Ocean basin. This behavior is a
result of the persistent enhanced lateral transport of 231Pa compared to 230Th at all water depths.
Reversible scavenging onto and from sinking particles leads to increasing concentrations of both 231Pa
and 230Th with water depth [Bacon and Anderson, 1982], amplifying the relative 231Pa depletion of deeper
waters by advection. In the Atlantic Ocean with a current strong Northern Source Water overturning cell,
this vertical effect in sedimentary Pa/Th is much more pronounced than the increase of Pa/Th with water
mass age and lateral transport [Luo et al., 2010]. Such a trend of decreasing Pa/Th with water depth was
ﬁrst observed in Southeast Atlantic sediments [Scholten et al., 2008] and has been found also in a
compilation of core tops at the Equatorial West Atlantic [Lippold et al., 2011] and Atlantic sea water [Deng
et al., 2014]. It represents a general trend for Holocene Atlantic sediments [Gherardi et al., 2009; Lippold
et al., 2012b]. However, it is important to note that strong circulation may produce high Pa/Th in shallower
waters, as a result of enhanced scavenging of 231Pa close to the surface combined with the downstream
ingrowth of 231Pa [Luo et al., 2010].
Studies on water column distributions of 230Th and 231Pa or sedimentary Pa/Th in the Arctic [Edmonds et al.,
2004; Edmonds et al., 1998; Hoffmann and McManus, 2007; Moran et al., 2005; Scholten et al., 1995] have been
carried out in last 20 years, but there is still a lack of systematic understanding of the 230Th and 231Pa
distributions. A recent study on the Arctic sedimentary Pa/Th by Hoffmann et al. [2013] revealed a
pronounced deﬁcit of 231Pa in Arctic sediments for the past 35,000 years. Interestingly, the Arctic
measurement results by Hoffmann et al. [2013] closely mirror the depth-dependent decrease of Pa/Th
found in Atlantic sediments (Figure 1). While AMOC ﬂux between 15 and 30 Sverdrup (Sv) can explain the
observed Holocene 231Pa/230Th depth gradient, the same observation for the comparably sluggish Arctic
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overturning (<7 Sv) [Woodgate et al., 2001] represents a conundrum for the interpretation of existing
sedimentary Pa/Th data. An alternative potential sink for the missing Arctic 231Pa could be boundary
scavenging, wherein 231Pa is exported from the lower-particle-ﬂux central basin toward the higher-
particle-ﬂux margins [Moran et al., 2005].
In this study, we try to systematically explain the inﬂuence of Arctic deep water circulation on the 230Th and
231Pa distributions in the Arctic. We measured 231Pa/230Th from Arctic margin sediments in order to test the
boundary scavenging hypothesis. Further, by adapting an Atlantic 2-D scavenging model [Luo et al., 2010]
to the Arctic conditions, we aimed to reproduce representative Arctic water column 231Pa and 230Th
proﬁles as well as Holocene sedimentary ratios using a circulation scheme consistent with the state-of-art
conﬁgurations of the Arctic deep water circulation. We also attempted to constrain the Arctic circulation
during the last glacial based on available sedimentary Pa/Th data.
2. Methods
2.1. Study Area
The deep water in the Arctic deep basin is mainly characterized by inﬂow of Atlantic water and outﬂow of
Arctic deep water, both through the Fram Strait between Greenland and the Svalbard Archipelago (Figure 2).
Deep water formation in the Arctic Ocean is mainly the result of brine release due to freezing [Rudels, 2012].
This is countered by the inﬂow from the Nordic seas into the Atlantic, estimated to be about 7 Sv in total
[Rudels, 2012] primarily at intermediate depth, with 6 ± 1 Sv as boundary current approaching the
Lomonosov Ridge before it splits into two branches [Woodgate et al., 2001]. One branch with 3 ± 1 Sv turns
back toward Fram Strait along the Lomonosov Ridge and another with 3 ± 1 Sv ﬂows to the west of the
ridge in the cyclonic boundary current. The volume of the Eurasian Basin is estimated at about
5.36 · 106 km3 (Figure S1 in the supporting information) based on data from ETOPO1 Global Relief Model
[Eakins and Sharmann, 2012], with an according residence time of the Eurasian Basin deep water of about
60 years if we take 3 Sv as the average ventilation strength.
Figure 1. Holocene average Pa/Th [Hoffmann et al., 2013] (ﬁlled circle; numbers indicate location in Figure 2) and core tops
[Moran et al., 2005] (ﬁlled triangle; Nansen and Amundsen Basin cores, green stars in Figure 2) from the Arctic Ocean show a
very similar correlation to water depth as Pa/Th from the Atlantic main basin (circle) [Lippold et al., 2012b] (Holocene
averages). Higher values (Holocene Pa/Th averages), with a more subtle depth gradient, are observed at margin cores or
from high-latitude locations in the Atlantic (square) [Lippold et al., 2012b; Roberts et al., 2014]. Margin core tops from the
Arctic (ﬁlled square; this study) show higher Pa/Th as well.
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This rough estimation shows that exchange rates in the deep Arctic Basin are basically not very different from
those in the Atlantic Ocean. The relative narrowness of the Arctic Basin leads to residence times of water
masses even slightly shorter than that of Atlantic waters. This provides the basis to apply a 2-D scavenging
model as used by Luo et al. [2010] in the Atlantic to study the distributions of 230Th and 231Pa in the Arctic.
We focus our study on the Eurasian Basin because more measurements on water column 230Th, 231Pa
[Edmonds and Moran, 2004; Scholten et al., 1995], and sedimentary Pa/Th [Hoffmann et al., 2013] in this
region were carried out, compared to those in the Amerasian Basin.
2.2. Model Parameterization
The two-dimensional model is based on a simple reversible scavenging model for both 230Th and 231Pa and a
prescribed 2-D overturning scheme (please refer to Luo et al. [2010] for details regarding the model). The
Eurasian Basin is treated as a 2-D overturning ﬁeld with depth of 4000m and length of 20° latitudinal
distance, spanning virtually from Fram Strait (80°, 0°) to the head of Lomonosov Ridge (80°, 140°). The 2-D
section is divided into 128 boxes with 16 grids on depth (250m each) and 8 grids on latitude (2.5° each).
Northward inﬂow of 2 Sv, as a conservative estimation of the circulation strength in the Eurasian Basin, from
Fram Strait (80°, 0°) governs 0–750m and extends to the head of Lomonosov Ridge. This water gradually
deepens in the last four columns between (90°, 0°) and (80°, 140°). Southward ﬂowing Arctic deep water
dominates the depths below 750m (supporting information Figure S1). The only change in parameter
settings of the model compared to Luo et al. [2010] is that adsorption rate of 231Pa is adjusted by a factor of
0.75 (compared to the Atlantic; supporting information Table S1), to take into account the small export
productivity (EP) in the Arctic [Cai et al., 2010]. Note that a steady state fractionation factor of 10.5 is derived
from the above settings, which is consistent with the fractionation factor found in low-productivity regions
[Moran et al., 2002; Walter et al., 1997]. In a next step, a plain ﬂow scheme was adopted (supporting
information Figure S2), which produces reasonable agreements to the observed 230Th and 231Pa water
Figure 2. Map of the study area; reworked from Figure 1 in Hoffmann et al. [2013]. Acronyms in the ﬁgure are as follows: CB,
Canada basin; AMR, Alpha-Mendeleev Ridge; MB, Makarov Basin; LR, Lomonosov Ridge; AB, Amundsen Basin; GR, Gakkel
Ridge; NB, Nansen Basin; FS, Fram Strait. Locations of sediment cores are indicated by yellow stars and numbers as indicated in
Figure 1 [Hoffmann et al., 2013], green stars [Moran et al., 2005], or red stars (this study). Water column proﬁles of 231Pa and
230Th in the Arctic Ocean [Edmonds and Moran, 2004; Scholten et al., 1995] are represented by marks identical to the symbols
in Figure 3. Arrows indicate patterns of intermediate and deep circulation.
Geophysical Research Letters 10.1002/2015GL064671
LUO AND LIPPOLD PROTACTINIUM-231 AND THORIUM-230 IN THE ARCTIC OCEAN 5944
column proﬁles (Figure 3). Further, a horizontal removal term is introduced into the model to take into account
the inﬂuence of boundary scavenging on the distribution of 230Th and 231Pa in the open ocean. The strength of
this removal term is, however, difﬁcult to determine for the Eurasian Basin. We thus use a better deﬁned
boundary scavenging strength in the North Paciﬁc as reference [Luo, 2013; Roy-Barman, 2009], which was a
Figure 3. Water column (a) 230Th and (b) 231Pa proﬁles [Edmonds and Moran, 2004; Scholten et al., 1995] and (c) Holocene [Hoffmann et al., 2013] and core top [Moran
et al., 2005] sedimentary Pa/Th ratios (2 standard deviation (SD) error bars) compared to model outputs. Shown are the control run with optimal model conditions
and 2 Sv overturning strength (black) and modiﬁed control runs with two boundary scavenging intensities (grey).
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depth-dependent removal term estimation based on the 230Th and 231Pa proﬁles measured in station “Aloha”
and station “Papa” in the North Paciﬁc. We applied the removal term with two different efﬁciencies (100% and
50%) in order to assess the importance of boundary scavenging compared to ventilation strength.
2.3. Measurements of Sedimentary Pa/Th
In order to examine the effect of boundary scavenging in the Arctic Ocean Pa/Th from two core top sediment
samples from the margin of the Laptev Sea, which is particle rich due to being a sea ice factory and thus an
ideal place to test for boundary scavenging, have been measured (Table 1). The chemical and analytical
process was identical to the methods described by Böhm et al. [2015]. Measurements were performed on a
Thermo Finnigan Element 2 at the University of Heidelberg (Germany). The contributions of lithogenic and
authigenic 231Pa and 230Th were corrected by assuming a lithogenic background 238U/232Th [Henderson
and Anderson, 2003] of 0.6 for this region [Hoffmann et al., 2013].
3. Results and Discussion
3.1. Sedimentary Pa/Th From the Slopes
Our new core top Pa/Th measurements from the Laptev Sea feature values of 0.098 and 0.120, respectively.
Boundary scavenging indeed produces increased Pa/Th values compared to the Pa/Th values at comparable
water depths as reported by Hoffmann et al. [2013]. However, the relatively moderate shift toward higher
values cannot account for the observed total basin deﬁcit in 231Pa. This is the case simply because the
smaller and shallower margins would need to show by far higher ratios in order to balance the missing
231Pa from the much larger volume of the Eurasian Basin [Jakobsson, 2002] (see supporting information for
231Pa budget estimation). This situation is very similar to the margins of the Atlantic Ocean (Figure 1),
where boundary scavenging also leads to higher values than compared to the same water depth in the
open ocean but cannot account for the huge deﬁcit of the whole basin [Lippold et al., 2012a].
3.2. Water Column 230Th and 231Pa Distributions in the Eurasian Basin
Latitudinal or longitudinal trends of the 230Th and 231Pa distributions (total) in the Eurasian Basin are difﬁcult
to see (Figures 3a and 3b), due to the sparse data coverage and possible fast mixing of the water within the
basin. Therefore, we compare observations with the latitudinal average of total 230Th and total 231Pa output
in the entire 2-D sections excluding the last two model columns, where water deepening takes place
(supporting information Figure S2). Note that this is the same approach used for our sedimentary Pa/Th
model-data comparison in section 3.3.
Thorium-230 and Protactinium-231 concentrations in the study area are lower than comparable data in other
low-productivity ocean regions such as the subtropical Paciﬁc [Roy-Barman, 2009]. Such low concentrations
contradict a weak vertical scavenging intensity due to low EP [Cai et al., 2010] in this region. We therefore
attribute this observation mainly to 230Th and 231Pa removal by ventilation and export of deep waters from
this region. Compared to the steady state linear proﬁles of 230Th and 231Pa, huge deﬁcits in observed and
modeled water column concentrations can be identiﬁed (dashed lines, Figures 3a and 3b). The 230Th deﬁcits
at depth are identical to that found in the deep north Atlantic, while 231Pa deﬁcits are even more
pronounced because of the weak vertical scavenging of 231Pa. Model runs with weaker (50%) and full (100%)
boundary scavenging efﬁciency did not result in signiﬁcantly different 231Pa and 230Th distributions
(Figure 3). This ﬁnding further suggests that boundary scavenging is most likely not the main reason for the
missing Arctic 231Pa.
Table 1. Measurement Results (Bulk Concentrations), Resulting Excess Pa/Th, and Geographic Parameters From PS 2456-3 [Fütterer, 1994] and PS 2474-3
[Schoster, 2005]
Core
Latitude
North
Longitude
East
Water
Depth (m)
Sample
Depth Pa/Th 231Pa (dpm/g)a 230Th (dpm/g) 232Th (dpm/g) 238U (dpm/g)
PS 2456-3 78.48 133.03 2507 0–5 cm 0.098 (Error
2 SD = 0.007)
0.27 (Error
2 SD = 1.64%)
3.34 (Error 2
SD = 1.91%)
2.02 (Error
2 SD = 0.73%)
1.78 (Error
2 SD = 1.20%)
PS 2474-3 77.67 118.58 1494 0–5 cm 0.120 (Error
2 SD = 0.009)
0.30 (Error
2 SD = 1.75%)
3.20 (Error
2 SD = 2.10%)
1.82 (Error 2
SD = 0.76%)
2.02 (Error
2 SD = 1.24%)
aDisintegrations per minute (dpm).
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3.3. Sedimentary Pa/Th in the Eurasian Basin
Sedimentary Pa/Th in the Arctic shows a vertical trend decreasing with depth, also reproduced by the 2-D
model (Figure 3c). In the Atlantic, North Atlantic Deep Water (NADW) spreading effectively transports 231Pa
to the south at depth, which results in increasing 231Pa deﬁcits with water depth (lower Pa/Th). In the
Eurasian Basin, the situation is similar. Although the Arctic deep water ﬂow rate is smaller than NADW ﬂux,
the ventilation effect on 231Pa/230Th in the Eurasian Basin is still strong simply because the volume of the
Eurasian Basin is very small compared to the Atlantic basin. Therefore, the decreasing trend of sedimentary
Pa/Th with depth in the Eurasian Basin is very likely caused by the deep water circulation in the basin,
considering that our 2-D model comprehensively reproduced the water column 230Th, 231Pa, and
sedimentary Pa/Th in the basin with reasonable parameterization (Figure 3).
We note that Sites 08, 16, 17, and 20 [Hoffmann et al., 2013] are located in the Amerasian Basin rather than
Eurasian Basin. They are still included in this comparison because they are all on the route of the boundary
current that enters the Amerasian Basin directly from the Eurasian Basin (Figure 2). These sites therefore
may have similar water properties as sites in the central Eurasian Basin.
Figure 4. (a) Sedimentary Pa/Th in the Eurasian Basin in Holocene (ﬁlled circle) and last glacial (diamond) Arctic sediments [Hoffmann et al., 2013] compared to the
model outputs with the (b) deep circulation scheme and (c) compared to a (d) shallower (glacial) circulation scheme. The 2-D ﬂow pattern for 2 Sv are shown in
Figures 4b and 4d with positive ﬂuxes at 90°N standing for northward ﬂux, and negative ﬂuxes standing for southward. For model runs with lower (1 Sv) or higher
(3 or 4 Sv) total overturning strengths the proportional ﬂux for each depth was kept constant.
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3.4. Sedimentary Pa/Th in the Eurasian Basin During the Last Glacial
Having shown that deep water circulation may have a primary control on the Holocene Pa/Th in the Eurasian
Basin, we attempt to deduce the deep water circulation in the Eurasian Basin during the last glacial from the
differences in the sedimentary Pa/Th during the two periods. The Pa/Th distribution pattern below 2000m
during the last glacial is generally consistent with the Pa/Th distribution in Holocene sediments (Figure 4a).
But at water depths above 2000m, the sedimentary Pa/Th during last glacial is clearly lower than
Holocene Pa/Th.
We ﬁrst tried to adjust the circulation rate with the same circulation scheme (Figure 4b) in order to reproduce
the proﬁle, but even doubling the total ﬂow rate cannot satisfyingly reproduce the signal. This is primarily
because ﬂow rates between 800 and 2000m are not strong enough to generate adequate 231Pa deﬁcits at
these depths under the modern circulation pattern, and thus, increase in intermediate depth circulation
strength during the Last Glacial Maximum as argued by Cronin et al. [2012] may be necessary. We thus
adapted the circulation ﬂow scheme in the 2-D ﬁeld by promoting the ﬂow rates at intermediate depth
while reducing the ﬂow rates in the deep ocean (Figures 4c and 4d). In this way, the sedimentary Pa/Th
patterns during last glacial can be better reproduced with slightly stronger circulation, or with the same
circulation strength but with joint effects of increased boundary scavenging and weakened vertical particle
scavenging (Figure S4). However, promoted circulation strength at intermediate depth is the key to
approach the low sediment Pa/Th ratio at these depths (Figure S4). This suggests that circulation in Eurasian
Basin during last glacial was strong and more of its strength must have been shallower compared to today’s
conditions. Our results therefore do not support an isolated Arctic Basin during the last glacial, and the Arctic
Ocean may not account for extremely radiocarbon-poor waters observed south of Iceland during cold
intervals [Thornalley et al., 2011]. A possible explanation for such values would have been the ﬂushing out of
14C-depleted deep waters from the Arctic Ocean, if the Arctic were isolated for a few thousand years.
4. Conclusion
New measurements from the Arctic Ocean margin revealed higher Pa/Th values compared to the main
Eurasian Basin, but not enough to account for the generally low Pa/Th in this basin. From this ﬁnding, we
have approached the observed 231Pa versus 230Th deﬁcit in the Arctic Eurasian Basin from a circulation
point of view. With a 2-D scavenging model adapted from the Atlantic model [Luo et al., 2010] with Arctic
parameterization, water column 230Th and 231Pa proﬁles in the Eurasian Basin as well as the vertical
sedimentary Pa/Th patterns in the Arctic Ocean can be reasonably reproduced. Our ﬁndings imply deep
circulation in the Arctic to have a primary control on the 230Th and 231Pa distributions in the basin, which
raises the possibility to use the sedimentary Pa/Th in the Arctic to constrain the past changes of deep
circulation in the Arctic.
We also made a ﬁrst attempt to constrain the deep circulation in Eurasian Basin during the last glacial using
available data. Our attempt points at a circulation regime that may have been stronger than today with
increased vigor at shallower depth compared to today, in concert with conclusions based on Mg/Ca
proxies [Cronin et al., 2012]. We note this is a rough constraint only, given the limited information on the
sedimentary Pa/Th in this region.
In order to better understand the evolution of the Arctic deep circulation during last glacial-interglacial
transition, insights into the mechanism that controls the sedimentary Pa/Th ratios in Amerasian Basin and
Canada Basin are important as well. Future work may focus on model work on the Pa/Th system in those
basins. Improved data coverage of the sedimentary Pa/Th in the Arctic regions is urgently required.
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